We report the cloning and expression during limb development of the chicken Slit1, Slit2, and Slit3 ligands, and Robo1 and Robo2 receptor genes. We also compare the expression patterns of Robo1 and Robo2 in developing chick and mouse hindlimbs. These genes are expressed in regions of muscle development, chrondrogenesis, and axon guidance. q
Results and discussion
The Slit ligands and their Robo receptors regulate axonal projections and myoblast migration in invertebrates (Kidd et al., 1998 . In vertebrates, they regulate axon guidance and branching, and Slit family gene expression patterns in developing murine limbs suggest additional, non-neural functions (Dickson, 1998; Holmes et al., 1998; Harris and Holt, 1999; Guthrie, 1999; Yuan et al., 1999b; Brose and Tessier-Lavigne, 2000; Kaprielian et al., 2000; Tear, 2001) . Neither Robo1 nor Robo2 expression has been reported in the developing avian or murine limb. Furthermore neither the cloning nor detailed expression patterns of the avian Slit genes during limb development has been reported.
Cloning of the chick Slit1, Slit2, Slit3, Robo1 and Robo2 genes and their expression in developing limbs
We cloned partial cDNAs of three chicken Slit and two chicken Robo genes. These genes were named Slit1, Slit2, Slit3, Robo1 and Robo2 based on amino acid sequence similarities to other vertebrate Slit and Robo proteins (Fig. 1) . Expression patterns in developing chick limbs from Hamburger-Hamilton stage 20 through stage 32 (HH s20± s32) for each of these genes were obtained by non-radioactive whole mount and section in situ hybridization histochemistry (Hamburger and Hamilton, 1951; Figs. 2±6) .
From HH s20±s23, Slit1 is expressed in proximal limb mesenchyme ( Fig. 2A) , while Slit2 is observed in distal mesenchyme underlying the apical ectodermal ridge (AER; Fig. 2E ). In contrast Slit3 expression is restricted to the AER ectoderm (Fig. 2I ). Robo1 is expressed in both proximal central mesenchyme and the AER (Fig. 2M) . Robo2 is expressed in proximal central and anterior mesenchyme but not the AER (Fig. 2Q ). Both Slit3 and Robo1 expression in the AER is maintained through at least HH s29.
By HH s25 these expression domains are more elaborate. Slit1 and Slit2 are expressed in an irregular horseshoe pattern in both dorsal and ventral mesenchyme, while Slit3 is expressed more centrally (Figs. 2B,F,J and 3A±C). All three Slit genes are also expressed in the peripheral mesenchyme, although Slit2 expression is more pronounced, especially towards the anterior and distal margins (Fig. 2F ). Robo1 expression intensi®es and expands to ®ll the proximal central mesenchyme, and is also present at the periphery (Figs. 2N and 3D ). Robo2 expression is maintained predominantly in proximal, central and anterior mesenchyme (Fig. 2R) . These central mesenchyme expression domains are similar to those of muscle markers (data not shown; Buscher and Izpisua-Belmonte, 1999) . Tissue sections cut along the dorsal-ventral axis reveal a more complex structure to these patterns, with distinct domains of cells expressing one or more of these genes. All three Slit genes are expressed in distinct dorsal and ventral cell populations, with Slit3 expression immediately subjacent to the ectoderm, and Slit1 and Slit2 in more medial cells (Fig. 3A±C ). These genes are also expressed in partially overlapping, proximal medial domains (Fig.  3A±C) . Expression of Slit3 is evident in a central mesenchymal region closely associated with the dorsal and ventral ectoderm (Figs. 2J and 3C ). Robo1 and Robo2 are expressed in proximal central or peripheral mesenchyme in domains that overlap with the Slit genes, as well as at the margins of the chrondrogenic mesenchyme (Fig. 3D,E) .
By HH s28±s29 all ®ve genes are expressed in domains similar to those of earlier stages, although their relative expression levels are changing (Fig. 2C ,G,K,O,S). Slit1 and Slit2 expression is generally reduced, while Slit3 expression is intensifying, especially in the dorsal and ventral central mesenchyme and in the nascent interdigital regions (Fig. 2C,G,K) . Robo1 expression at the distal and peripheral margins is increased (Figs. 2O and 3D ) while Robo2 expression in the central limb is reduced (Fig. 2S) .
At HH s32 we focused on the developing handplate, where novel complementary expression patterns are observed. Slit1 expression is restricted to soft tissue surrounding the tip of developing digit 3 (Fig. 2D ), Slit2 expression is restricted to the interdigital margins ( Fig.  2H ) whereas Slit3 expression is expressed along the developing digit borders (Fig. 2L ). Robo1 expression is observed at each of the digit tips, along the distal interdigits, and faintly along the borders of developing digits (Fig. 2P ). Robo2 expression is observed for the ®rst time in distal mesenchyme, in more proximal interdigital mesenchyme than Robo1, and also outlining the digital condensations (Fig. 2T ).
Comparison of Robo expression patterns in developing chick and mouse hindlimbs
We also compared hindlimb expression, in stage matched limbs, of the chick Robo1 and Robo2 genes with that of their murine homologues, using rat Robo probes on mouse tissue ( Fig. 4 ; Kidd et al., 1998; Brose et al., 1999; Wanek et al., 1989) . In each species the Robo1 and Robo2 genes are expressed in complementary patterns within interdigital mesenchyme and in association with the periphery of the developing digits. The homologous genes are expressed in grossly similar patterns between the species, although some distinct differences are also apparent. In addition, we ®nd no evidence for Rig1 expression (a third vertebrate Robo homologue) in mouse limbs at the stages investigated (embryonic day (E)9.5±15.5; data not shown; Yuan et al., 1999a; Brose and Tessier-Lavigne, 2000) .
At HH s25 in the chick hindlimb and E11.5 in the mouse both Robo1 (Fig. 4A ,E) and Robo2 (Fig. 4I,M) are expressed in proximal central mesenchyme. By HH s30 in the chick Robo1 (Fig. 4B) and Robo2 (Fig. 4J) are expressed in the developing footplate. Robo1 is expressed in distal mesenchyme directly abutting the AER, along the borders of the developing digits and strongly in the developing ankle plate (Fig. 4B) . In equivalent-stage (E13.5) hindlimbs, mouse Robo1 expression is similar except that it is not observed in distal mesenchyme (Fig. 4B,F) . In both chick and mouse hindlimbs, Robo2 is expressed in the proximal footplate, in proximal peridigital mesenchyme and faintly along the nascent digit borders (Fig. 4J,N) .
In older chick footplates (HH s32) Robo1 is expressed around the digit tips and along the digit borders but appears less intense proximally (Fig. 4C) . In an equivalent staged mouse hindlimb (E14.5; Fig. 4G ), Robo1 expression is present in the proximal footplate, and is also evident along the proximal, but not the distal, borders of each digit (Fig. 4G) . Murine Robo1 expression is also restricted to a discrete domain mid-way along each developing digit (Fig. 4G ). Robo2 expression in the chick hindlimb is (Li et al., 1999; Brose and Tessier-Lavigne, 2000) . (B) Phylogenetic tree of vertebrate Slit family members comparing chicken protein sequences with corresponding GenBank sequences for Slit1, Slit2 and Slit3 from mouse (AF144627; AF144628; AF144629), rat (AF133730; AF141386), human (AB017167; AF133270; AB017169), zebra®sh (AF210321; AF210310) and Drosophila (AF126540). EGF, epidermal growth factor repeats; ALPS, agrin, laminin and perlecan similarities; C, C-terminal domain. Scale bars indicate evolutionary distance between branchpoints. (C) Alignment of chicken Robo1 and Robo2 partial ORFs onto schematized vertebrate Robo protein (Kidd et al., 1998) . (D) Phylogenetic tree of vertebrate Robo family members comparing chicken sequences with corresponding GenBank sequences for Robo1 and Robo2 from mouse (CAA76850), rat (AAC39960; AAF04558), Drosophila (AF040989; AF312579; AF312580) and human (AF040990; AB046788.1) and for Rig-1 from mouse (AAD11628). Ig, immunoglobulin domains; FN, ®bronectin III domains; TM, transmembrane domain. restricted primarily to interdigital mesenchyme, with faint expression along the digit borders (Fig. 4K) . In contrast in the mouse hindlimb, Robo2 is expressed in the center of the footplate and is strongly expressed in two discrete regions along each digit, one in the middle and the other at the tip (Fig. 4O) .
In later chick footplate development (HH s36) Robo1 is expressed around the apical tip of the digits, and weakly in peridigital regions. It is also expressed more strongly in several discrete domains along each digit (Fig. 4D) . In E15.5 mouse hindlimbs Robo1 expression is observed strongly in two discrete regions along each digit (Fig.  4H ). Robo2 expression in the chick hindlimb is observed peridigitally but also on the ventral surface of the digit tip (Fig. 4L) . Murine Robo2 expression is restricted to domains at the digit tips and is also expressed in the ventrally located foot pads (Fig. 4P ).
cSlits and cRobos mark migrating myoblasts but not differentiating muscle precursors
To investigate which cell populations express the Slit or Robo genes, we serially stained HH s26 limb tissue sections ®rst by in situ hybridization and then using antibodies to muscle or tendon markers. We used an anti-Pax7 antibody to identify migrating myoblasts, an anti-sarcomeric myosin antibody to mark differentiating myoblasts and an antitenascin antibody to label extracellular matrix associated with developing tendons, ligaments, perichondria, and ingrowing nerve satellite cells (Kardon, 1998) .
Pax7 is the only marker we observe clearly colabeling distinct Slit-or Robo-positive cell populations, although there are some overlapping domains of gene expression with the other antigenic markers ( Fig. 5A±C ; data not shown). The Slit1 and Slit2 dorsal and ventral mesenchyme domains are Pax7 1 , while the Slit3 subectodermal domains are not ( Fig. 5A±C ; data not shown). However, there is a small subset of very medial Slit3 1 /Pax7 1 cells (not shown; see also Fig. 6 ). However differentiating myosin 1 myoblasts no longer express the Slit genes (Fig. 5D±F) . In addition the proximal core mesenchyme domains of Slit1, Slit2, Slit3, Robo1 and Robo2 expression are neither Pax7 1 nor myosin 1 (Fig. 5B ; data not shown). Tenascin staining does not mark any particular Slit or Robo cell population. To the contrary, the Robo1 and Robo2 expression domains appear excluded from tenascin 1 regions (data not shown).
cSlit genes are expressed at neuronal projection boundaries
The Slit and Robo genes are implicated in controlling neuron migration and axon guidance by a repulsive mechanism (Guthrie, 1999; Harris and Holt, 1999; Brose and Tessier-Lavigne, 2000; Kaprielian et al., 2000) . To investigate if Slit and Robo expression domains might have similar functions in the developing chick limb we counter-stained HH s27 limb cryosections following section in-situ hybridization with a neuro®lament antibody that marks all axonal ®bers (Fig. 6) . The ingrowing axons are observed between the borders of Slit1, Slit2 and Slit3 expression (Fig. 6A±F) . Evidence for a similar relationship between axonal projections and Robo1 or Robo2 expressing cells is unclear (not shown).
Experimental procedures

Cloning and sequencing
Chicken Slit (cSlit1, cSlit2, cSlit3) and Robo (cRobo1, cRobo2) genes were obtained by screening 10 6 phage of a HH s12±s15 chicken cDNA library (Nieto et al., 1996) with probes derived from the rat Slit1, Slit2, Slit3, Robo1 and Robo2 genes (Kidd et al., 1998; Brose et al., 1999) . Overlapping clones for each gene isolated were sequenced using standard dye termination chemistry. DNA and protein sequences were compared to the non-redundant GenBank databases and published Drosophila, zebra®sh, mouse, rat and human Robo and Slit sequences using both NCBI Blast (Benson et al., 1998) and DNAStar MegAlign software. Putative chicken Slit1, Slit2, Slit3, Robo1 and Robo2 gene assignments were made based on similarities of the predicted protein sequences with published family members.
Contigs of the following lengths were obtained for each gene: Slit1: 2220 bp; Slit2: 4457 bp; Slit3: 2393 bp; Robo1: 991 bp; Robo2: 1565 bp. Each contig contained a partial open reading frame with the indicated degree of sequence identity to the corresponding amino acids of its putative human homologue: cSlit1, 83%, amino acids (aa) 597± 1337; cSlit2, 92%, aa 593±1547; cSlit3, 80%, aa 749± 1546; cRobo1, 82%, aa 8±379; cRobo2, 93%, aa 1±375 (Fig. 1) . The cSlit2 and cSlit3 contigs also include 1602 and 17 bp of 3 H UTR sequence, respectively, and the cRobo2 contig also includes 566 bp of 5 H UTR sequence (data not shown).
GenBank Accession numbers for each gene are as follows: cSlit1 (AF364044); cSlit2 (AF364045); cSlit3 (AF364046); cRobo1 (AF364047); cRobo2 (AF364048).
Embryology and in situ hybridizations
Fertile White Leghorn chicken eggs (SPAFAS, Farmington, CT) were incubated at 388C in a forced draft incubator and collected at appropriate developmental stages. Embryos were processed for non-radioactive whole-mount or section in situ hybridization as described (Laufer et al., 1997) . In situ hybridization probes for the chicken genes derived from one clone incorporated into each contig were used. Their names and lengths are: cSlit1, Clone-16, 1700 nt; cSlit2, Clone-41, 3500 nt; cSlit3, Clone-10, 1900 nt; cRobo1, Clone-8, 1900 nt; cRobo2, Clone-21, 2100 nt. The rRobo1, rRobo2 and mRig1 probes are as described (Brose et al., 1999; Yuan et al., 1999a) .
Dual-label immunohistochemistry
Embryos were cryo-embedded, sectioned and processed for in situ hybridization as described (Laufer et al., 1997) . Following immunohistochemical mRNA detection, sections were immunostained with antibodies that recognize Pax7 (mAb P3U1), sarcomeric myosin (mAb MF20), tenascin (mAb M1-B4) or neuro®lament (mAb 3A10), and available from the Developmental Studies Hybridoma Bank. They were used at the following dilutions: Pax7, 1:20; MF20, 1:20; M1-B4, 1:20; 3A10, 1:20; and detected with Cy3-conjugated goat anti-mouse secondary antibodies (1:1000, Jackson ImmunoResearch Laboratory). Sequential bright ®eld and¯uorescent images were collected and overlaid using Adobe Photoshop. 
